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Ultrathin cerium oxide films have been deposited on chlorine, gallium, and silver passivated Si(lll) 
by reactive molecular beam epitaxy in a comparative study. The crystallinity of these films has been 
characterized by x-ray standing waves while the oxidation state of the rare-earth oxide (REOx) films 
and the chemical interface composition have been revealed by hard x-ray photoelectron spectroscopy. 
The use of CI as passivating agent results in the epitaxial growth of highly crystalline REOx films 
with the RE metal in the 3+ oxidation state while effectively suppressing silicate and silicon oxide 
formation at the interface. In contrast, Ga and Ag preadsorption yield films of inferior quality, in 
the case of Ag of even lower crystallinity than without passivation. Further investigations show that 
Cl-passivation also results in ultrathin lanthana films of superior quality, which facilitate the growth 
of well-ordered ceria on lanthana REOx multilayers. 

PACS numbers: 68.49.Uv, 68.55.-a, 81.05.Jc 
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thin film structure 



C/3 



o 



> 

rn 
O 
m 



X 
J3 



I. INTRODUCTION 

Due to their intriguing physical and chemical prop- 
erties, which mainly arise from the unfilled 4/ electron 
shell, rare-earth oxides (REOx) have been studied in- 
tensely in order to understand the nature of these ex- 
traordinary properties, with the aim of exploiting them 
in various kinds of technological applications. Besides 
their traditional utilization in fields like catalysis^i some 
of the REOx have attracted a lot of interest in micro- 
electronics due to their high static dielectric constants fc, 
which in the case of, e.g., Cc02 amounts to fc > 
their large band gap (~ 6eV for Ce02 (Refs. and 
@)), and their predicted thermodynamic stability in con- 
tact with silicon^ making them promising candidates for 
novel "high-fc" dielectrics. 

To maintain the progression of integration densities in 
microelectronics, there is a growing desire for ultrathin, 
well-ordered, epitaxial REOx layers with a sharp inter- 
face to the underlying silicon substrate as a replacement 
for the Si02 gate oxide. These novel gate oxide layers 
would allow for further downscaling of field-effect tran- 
sistors (FET) by simultaneously increasing device perfor- 
mance and lowering power consumptionii However, the 
interface between the silicon substrate and the high-fc 
gate oxide requires precise engineering since the interface 
trap densities and the carrier scattering need to be min- 
imized to allow for reliable, high-performance devices 
Therefore, almost perfect epitaxial interfaces between the 
silicon substrate and the high-fc material arc required. 
Yet, achieving a well-defined epitaxial interface has so 
far been considerably impeded by RE-promoted silicon 
oxidation, resulting in amorphous silicon oxide and RE 
silicate formationi^"— 

To overcome these challenges given by the high reac- 
tivity of the REOx-silicon interface different approaches 
have been employed, ranging from influencing the growth 
kinetics by varying the REOx growth rate and substrate 



temperature to introducing surface active agents as, e. g., 
hydrogen Since hydrogen limits the growth tem- 
perature to 450 °C due to its relatively low desorption 
temperature other adsorbates, which allow for higher 
growth temperatures, would in principle be more favor- 
able because at given interface stability higher growth 
temperatures directly translate into an increased crys- 
tallinity of the deposited REOx film. In this respect, 
chlorine presents a suitable alternative, which is com- 
monly used in semiconductor processings^ 

Recentlyji^ we have suggested the use of chlorine pas- 
sivation for the growth of well-ordered CC2O3 adlayers 
on Si(lll) by reactive molecular beam epitaxy (MBE) 
in ultra-high vacuum (UHV). Here, we widen the scope 
and test the general concept of REOx growth following 
substrate pre-passivation, which we will call adsorbate- 
mediated growth, in an extensive study employing several 
commonly used surface active agents. First, we compare 
the crystalline quality, interface composition and oxida- 
tion state of ultrathin cerium oxide films deposited on 
chlorine, silver, and gallium passivated silicon(lll) by 
employing X-ray standing waves (XSW) and hard X-ray 
photoelectron spectroscopy (HAXPES). For CI passiva- 
tion, which yields the cerium oxide films of the high- 
est quality, we also perform XSW-HAXPES with 01s 
photoelectrons in a chemically sensitive manner, thereby 
shedding light on the atomic interface structure of silicon 
oxide and silicate species. 

In the second part of the manuscript, we test the trans- 
ferability of the concept of CI passivation to other REOx 
by investigating its influence on the growth of lanthana 
films on bare and chlorine passivated Si(lll), again by 
utilizing XSW and HAXPES to quantify the crystallinity 
of ultrathin lanthana films and the interface composition. 
XSW also allows monitoring of the CI binding sites dur- 
ing the growth process, again by employing XSW and 
XPS. Together with the cerium oxide results, this anal- 
ysis unambiguously confirms the beneficial effect of CI 
preadsorption with respect to REOx crystallinity and in- 
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terface sharpness. 

Finally, in the last part we demonstrate that the 
adsorbate-mediated growth concept enables the realiza- 
tion of well-defined ultrathin REOx multilayers, i.e., 
a well-ordered, ultrathin cerium oxide layer on top of 
a highly crystalline, ultrathin lanthana film that was 
grown on Cl-passivated Si(lll). By using XSW we are 
able to selectively probe and quantify the crystallinity of 
each REOx layer, while HAXPES serves to elucidate the 
chemistry at the lanthana-silicon interface and to deter- 
mine the oxidation state of each REOx layer. 



II. EXPERIMENTAL 

All experiments were performed at the Hamburg Syn- 
chrotron Radiation Laboratory (HASYLAB), which is 
located at the Deutsches Elektronensynchrotron (DESY) 
in Hamburg, Germany. At the undulator beamline BWl, 
the samples were prepared and characterized in situ un- 
der UHV conditions employing XSW, XPS, and low- 
energy electron diffraction (LEED). The XSW experi- 
ments were performed in a nondispersive setup employing 
a water-cooled Si(lll) double-crystal monochromator 
with an asymmetrically cut second crystal for enhanced 
phase contast. As inelastic secondary signals, photo- 
electrons were recorded at photon energies of 2.6 keV 
and 3.35 keV while x-ray fluorescence data was collected 
at primary energies of 5.9 keV. The HAXPES measure- 
ments were conducted at photon energies of 3.35 keV and 
2.6 keV. 

Sample preparation started from polished, RCA- 
cleaned Si(lll) crystals, which were introduced into the 
UHV chamber and degased at a temperature of 630°C 
for at least 12 h. The Si(lll) crystals were then an- 
nealed to 880°C to remove the protective silicon oxide 
from the RCA treatment and to achieve a (7x7) recon- 
struction, which was verified by LEED. In the case of 
Si(lll) surface passivation chlorine, silver, and gallium 
were used to saturate silicon dangling bonds prior to 
REOx growth. In reference experiments, REOx films 
were directly deposited onto the (7x7) reconstructed 
Si(lll) surface. In the case of CI passivation we fol- 
lowed our recipe published earlier Passivation with 
Ag was achieved by saturation exposure of Ag from a 
knudsen cell at 500°C substrate temperature leading to a 
(a/3 X A/3)i?30° reconstructior^i^ as witnessed by LEED 
(data not shown). Ga passivation was achieved by evap- 
orating metallic Ga using an electron-beam evaporator 
at 625°C substrate temperature, yielding a surface that 
exhibited a LEED pattern indicating the presence of a 
prevailing (VS x y/2,)R2>Q° reconstruction^Si^ together 
with a faint contribution of an incommensurate (6.3x6.3) 
phasc i^^i^^ The very existence of the latter domains en- 
sures that essentially all dangling bonds of the Si sub- 
strate are saturated because the (6.3x6.3) phase is known 
to only form after the completion of the (-^3 x ■y3)-R30° 
phase in this temperature rangcj^^ The RE oxides were 



then deposited at the same conditions by evaporating the 
RE metal using an electron-beam evaporator in a preset 
oxygen ambient of 5 x 10~^mbar partial pressure and 
a substrate temperature of 500°C. Typical growth rates 
were in the range of 2 A/ min as determined from com- 
plementary x-ray rcflectomctry (XRR) measurements. 

In an XSW experiment, the sample refiectivity and the 
intensity of an element-specific inelastic signal, e.g., x- 
ray fluorescence or photoelectrons, are recorded simulta- 
neously while tuning the sample through the {hkl) Bragg 
condition. By fitting the reflectivity and the respective 
yield of the inelastic secondary signal within the frame- 
work of the dynamical theory of x-ray diffractio n^"^ i^^ , the 
modulus fc (" coherent fraction" ) and the phase (pc (" co- 
herent position") of the {hkl) Fourier component of the 
spatial distribution function of the contributing atoms 
may be determined with high precision.— In general, for 
photoelectrons as inelastic secondary signal non-dipole 
effects22i2^ may occur depending on the selected core level 
and the experimental conditions. But, due to our mea- 
surement geometry^S these non-dipole effects are min- 
imized. A comparison between CcLq fluorescence and 
Ce3c? photoelectrons of a crystalline, one monolayer thin 
cerium oxide film (data not shown) indicates non-dipole 
contributions of less than 8 % in the coherent fraction. In 
the following, whenever fluorescence and photolectrons 
as inelastic secondary signals from rare-earth atoms are 
compared in an effort to quantify film crystallinity, we 
will correct for non-dipole effects in the coherent fraction 
by taking into account an 8 % difference. 

As we have shown in our previous publicationfi^ XSW 
is highly suitable for studying the epitaxial quality of ul- 
trathin REOx films on silicon. A quantitative measure 
for the crystallinity of a REOx film of known thickness 
is the coherent fraction. After correction for thermal vi- 
brations, its value can directly be compared to the theo- 
retical value of the coherent fraction calculated for given 
crystal structure and film thickness. 



III. RESULTS AND DISCUSSION 

In the following sections, we present our experimental 
results for rare-earth oxide growth on passivated Si(lll) 
surfaces. We will first discuss the influence off different 
passivating agents fScc lIIlX]) on the epitaxial film qual- 
ity of ultrathin ccria films by employing HAXPES as well 
as XSW-HAXPES, which complements and further en- 
hances our previous study^i^ In Sec. IIII Bl we then also 
demonstrate the improved crystallinity of ultrathin lan- 
thana films due to chlorine passivation. Finally, again 
employing a combination of chemically sensitive XSW 
and hard x-ray photoelectron spectroscopy (HAXPES) 
we assess the crystallinity and interface composition of 
ultrathin rare-earth multilayers up to a few nanometers 
on Cl-passivated Si(lll) in Scc HirCl 
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FIG. 1. (Color online) Ce3d photoemission spectra of ceria 
films with a film thickness of 6 A grown on non-passivated 
Si(lll)-(7x 7) and CI, Ag and Ga passivated Si(lll) at 500 °C 
substrate temperature and an oxygen partial pressure of 5 x 
10~^ mbar (preparation conditions: (5), (5-Cl), (5-Ag) and 
(5-Ga)). 



A. Ceria growth on passivated Si(lll) 

We begin our discussion by comparing the oxidation 
state of cerium oxide grown on Si(lll) crystals passi- 
vated by CI, Ag, and Ga as well as cerium oxide grown 
on non-passivated Si(lll). Since all oxide films were 
grown at a substrate temperature of 500°C and an oxy- 
gen background pressure of 5 x 10~^ mbar we introduce a 
short hand notation for improved readability as follows: 
The preparation conditions will be labeled by " (5)" , " (5- 
Cl)", "(5-Ag)" and "(5-Ga)" identifying the oxygen par- 
tial pressure (divided by 10~^ mbar) and the passivat- 
ing agent used in the respective experiment. In Fig. [T] 
we present Ce3d photoemission spectra of cerium oxide 
films for the growth recipes (5), (5-Cl), (5-Ag) and (5- 
Ga) for a nominal film thickness of 6 A. Qualitatively, 
the four spectra show the same peak structure and ex- 
hibit the typical shape that is attributed to a single Ce'^'^ 
(Ce203) oxidation state<^ Quantitatively, all four spec- 
tra can be fitted consistently with the established double 
peak structure (uo,u',wo,w') of Ce203 arising from the hy- 
bridized final statei^ The findings from the Ce3d spectra 
reveal that the oxidation state of cerium oxide is Ce'^+ 
and that is does not depend on the applied passivating 
agent. 

In Fig. [21(a) and (b) the according XSW data are dis- 
played for the 6 A thick ceria films (5), (5-Cl), (5-Ga) 
and (5-Ag) discussed above. The figures show the re- 
flectivity and the corresponding yields of the inelastic 
secondary signals, which in this case are Ce5d^^2 photo- 
electrons, acquired at 3.35 keV (a) and 2.6 keV (b) inci- 
dent photon energy, respectively. The coherent position 
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FIG. 2. (Color online) XSW data (data points) and theo- 
retical fit according to the dynamical theory of x-ray diffrac- 
tion (solid lines) using Ce3d5/2 photoelectrons obtained in 
Si(lll) Bragg reflection for 6 A thick ceria films grown at 
500 °C substrate temperature and an oxygen partial pressure 
of 5 X 10^^ mbar on (a) CI passivated Si(lll) (5-Cl), Ga pas- 
sivated Si(lll) (5-Ga) and (b) Ag passivated Si(lll). 

<f>c of all four yields is the same within the errorbar and 
on average amounts to $c = 1.065. Since the coherent 
position is independent of the passivating agent applied 
prior to cerium oxide growth and all cerium oxide films 
exhibit the same film thickness, the coherent fraction fc 
is a direct measure of the crystalline order of the filmJ^ 
For the preparation conditions (5), (5-Cl), (5-Ga), and 
(5-Ag) the coherent fractions amount to /c(5) = 0.74, 
/e(5-Cl) = 0.86, /c(5-Ga) = 0.75 and /c(5-Ag) = 0.35, 
respectively. Therefore, we conclude that chlorine passi- 
vation of Si(lll) prior to cerium oxide growth leads to the 
highest crystalline quality of ultrathin ceria films while 
passivation with silver drastically impedes crystallinity 
and leads to much worse ordering than found for cerium 
oxide films deposited without passivation. Gallium pre- 
adsorption does not seem to have any effect on the crys- 
talline order of the ceria film since the difference in the 
coherent fraction compared to the ceria film grown on 
non-passivated Si(lll)-(7 x 7) is within the error bar. 

In quantitative XSW simulations as described 
earlier^i^ we assumed a laterally fully strained Ce203 
film of two Oo.75-Ce-Oo.75 trilayer (TL) thickness with a 
relative spacing of 3.32 A as derived from continuum elas- 
ticity theory based on elastic constants for Ce02'^ This 
model predicts a coherent fraction of /c(sim.) = 0.925, 
which only differs by A/c = 0.065 from the experimen- 
tal result of /c(5-Cl) = 0.86 for the Cl-passivated cerium 
oxide film. Within the error bar of our XSW measure- 
ment, this deviation can be fully attributed to thermal 
vibrations. Even when taking into account non-dipole 
contributions in the order of a few percent, we conclude 
that the cerium oxide film grown on CI passivated Si(lll) 
is very highly ordered. 

After having discussed the influence of the passivating 
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FIG. 3. (Color online) Ols photoemission spectra of ceria 
films with a film thickness of 6 A grown on non-passivated 
Si(lll) and CI, Ag and Ga passivated Si(lll) at 500°C 
substrate temperature and an oxygen partial pressure of 
5 X 10~^mbar (preparation conditions: (5), (5-Cl), (5-Ag), 
(5-Ga)). The spectra were recorded at photon energies of 
3.35 kev for ((5), (5-Cl) and (5-Ga)) and 2.6 keV for (5-Ag) 
and have been deconvolutcd intro three species: CeOx, Si-O- 
Ce, SiOx using Voigt profiles. 



agent on the epitaxial quality of the ceria films we now 
focus on the interface composition by employing Ols core 
level spectroscopy. Fig.|3]shows the respective spectra for 
the samples discussed above (6 A of cerium oxide grown 
at 500 °C and 5 x 10~^mbar oxygen partial pressure on 
bare silicon Si(lll)-(7 x 7) (5), CI- (5-Cl), Ga- (5-Ga), 
and Ag-passivated (5-Ag) Si(lll)). The Ols spectra 
have been deconvoluted into the following three speciesi^: 
CeOa;, Si-O-Ce, SiO^;. The CeO^: species belongs to the 
oxygen bound in the CC2O3 lattice, the Si-O-Cc species 
represents the oxygen that is bound to both silicon and 
cerium atoms at the interface and the SiO^ species stands 
for the oxygen which oxidizes the silicon substrate. By 
just comparing the relative intensities of the individual 
species it can easily be deduced that only chlorine signif- 
icantly decreases the interfacial silicate and silicon oxide 
species. The other adsorbates gallium and silver (Ols 
spectra (5-Ga) and (5-Ag) in Fig. ^ do not show any 
significant infiucncc on the formation of amorphous inter- 
face species in comparison with the cerium oxide growth 
on non-passivated Si(lll)-(7 x 7) (Ols spectrum (5) in 
Fig.®. 

Based on the previous Ols HAXPES analysis we also 
performed chemically-sensitive XSW in (111) Bragg re- 
flection by monitoring the respective yields of the chem- 
ically shifted Ols components. This measurement pro- 
vides quantitative insight into the spatial distribution of 
the interfacial Si-O-Ce and SiO^: species (confer Fig. [3]) 
and facilitates a direct comparison of their spatial coher- 
ence relative to the substrate latticci^ The correspond- 
ing XSW data for the preparation recipes (5) and (5- 
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FIG. 4. (Color online) Chemical-sensitive XSW data (data 
points) and theoretical fit according to the dynamical the- 
ory of x-ray diffraction (solid lines) using Ols photoelctrons 
which belong to the Si-O-Ce and SiOa; species obtained in 
Si(lll) Bragg reflection for 6 A thick ceria films grown at 
500 °C substrate temperature and an oxygen partial pressure 
of 5 x lO^^mbar on (a) non-passivated Si(lll)-(7 x 7) and 
(b) CI passivated Si(lll) (5-Cl). 



CI) are depicted in Fig. |4l As expected for amorphous 
phases, the coherent fractions /c'~^~^''(5) = 0.12 and 
/f'^'"(5) = 0.20 obtained for the silicate and silicon ox- 
ide species for the growth on bare Si(lll) are very small 
indicating a very poor ordering, probably due to several 
incquivalent binding sites. But, a huge difference is ob- 
served for the coherent fractions of the interfacial species 
in the case of CI passivation. While the analysis for sil- 
icate species Si-O-Ce yields a considerably increased co- 
herent fraction of '"'-'"^'=(5-01) = 0.40 together with a 
coherent position of $^'"*^"^°(5-Cl) = 0.64, the silicon ox- 
ide species at the interface seem to be very highly ordered 
with a coherent fraction of /|'°^(5-C1) = 0.87 together 
with a coherent position of <i>^'°" (5-Cl) = 0.36. This is 
a direct result of the low concentration of SiO^; species 
(Fig. [3l (5-Cl)) as compared to the Si-O-Ce and CeO^^ 
species, suggesting that only a small portion of the in- 
terface exhibits silicon oxide species, which are incorpo- 
rated in an almost perfectly ordered fashion. Although 
the coherent fraction of the Si-O-Ce species, which repre- 
sent the majority of the interfacial species, is more than 
tripled as compared to the recipe (5), a suggestion of a 
structural model would be speculative at best since at 
least a bimodal atomic distribution function would have 
to be considered to satisfactorily explain its (111) Fourier 
component. Nevertheless, our XSW results for both the 
SiOa; and the Si-O-Ce interface species offer a suitable 
benchmark within a combined analysis using XSW and 
theoretical calculations, e.g., within the framework of 
density functional theoryr^^ which could provide fur- 
ther insight into the complex chemistry at the REOx- 
silicon interface. 

Concluding the discussion of cerium oxide growth on 



5 



CO 



oo.; 



- (5-CI) 

;° (5) »» 

■ La3d f V 









La fluorescence 



LaSd photoelectrons 



35 30 25 20 15 10 5 -5 
Relative Binding Energy (eV) 




4 2 -2 

Relative Binding Energy (eV) 



.^2.0 



^1.5 



£ 1.0 



CO 

E 0.5 



■ ° Rsf Isctivity 

: • (5-CI) 

:° (5) 


A (a) : 


■ ° Rsf Isctivity 

; (5-CI) 


(b) 


■ /,; =0.57 W 






\ - 


; = 0.99 ft 




't f 






„ / =0.42 ; 




/; =0.70 




\ <f = 0.99 : 




<f=1.03 











1 

E-E„ (eV) 
Bragg ^ ' 



-0.5 



E-E, 



0.5 
(eV) 



FIG. 6. (Color online) XSW data (data points) and theoreti- 
cal fit according to the dynamical theory of x-ray diffraction 
(solid lines) using (a) LaL^ fluorescence and (b) La3d5/2 pho- 
toelectrons obtained in Si(lll) Bragg reflection for 1.8 nm 
thick lanthana films grown at 500 °C substrate temperature 
and an oxygen partial pressure of 5 x 10~^ mbar on (a) non- 
passivated Si(lll) (5) and (a), (b) CI passivated Si(lll) (5- 
Cl). 



FIG. 5. (Color online) (a) LaSd and (b) Sils photoemis- 
sion spectra of lanthana films with a film thickness of 1.8 nm 
grown on Si(lll)-(7 x 7) (open circles) and Cl/Si(lll)-(1 x 1) 
(open diamonds). Lanthana growth was performed at 500 °C 
substrate temperature and an oxygen partial pressure of 
5 x 10^^ mbar (preparation conditions: (5) and (5-Cl)). The 
spectra are vertically shifted, for clarity. 

Si(lll), from our XSW and HAXPES mvestigations we 
can unambiguously infer that chlorine is the superior pas- 
sivating agent for the realization of highly ordered, epi- 
taxial cerium oxide films on silicon accompanied by a very 
low amount of ordered silicate and silicon oxide species 
at the interface. In the following section, we test the 
transferability of the CI passivation recipe for the growth 
of ultrathin lanthana films. 



B. Lanthana growth on CI passivated Si(lll) 

To study the influence of Si(lll) surface passivation 
on other rare-earth oxides besides ceria we prepared a 
1.8 nm thin lanthana film on both bare Si(lll)-(7 x 7) 
and Cl/Si(lll)-(1 x 1). In analogy to the previous exper- 
iments, these lanthana films were grown at 5 x 10~^ mbar 
oxygen background pressure and a substrate temperature 
of 500°C, again denoted by (5) and (5-Cl). Fig. [5]shows 
a representative La3c? photoemission spectrum and Sils 
spectra for preparation conditions (5) and (5-Cl). As is 
visible from Fig.[5{a) the films were grown as La203 since 
the spectrum exhibits the typical double peak structure 
known for lanthanai^i^ The effect of chlorine passiva- 



tion is clearly documented by the comparative Sils HAX- 
PES data for the recipes (5) and (5-Cl) (see Fig. [^b)), 
which depending on passivation exhibit an apparent in- 
tensity modulation in the range of higher binding ener- 
gies, i. e., ~ 2—6 eV shifted relative to the Sils main peak. 
In the (5-Cl) case, this part of the spectrum only con- 
sists of inelastically scattered electron background and 
is almost perfectly flat otherwise while the same region 
in the case of (5) exhibits substantial integral intensity. 
This intensity can be attributed to the presence of var- 
ious silicon oxide species in different oxidation states at 
the interface)^ e.g., silicon oxide and silicate. Hence, 
from our spectroscopic investigations we conclude that 
chlorine adsorption prior to lanthana growth strongly re- 
duces silicon oxidation at the interface. 

By employing XSW in (111) Bragg reflection (Fig.[n|), 
we arc able to assess and compare the epitaxial qual- 
ity of the lanthana films grown on passivated and non- 
passivated silicon. The LaLa fluorescence yields (see 
Fig. El^a)) were recorded at an incident photon energy 
of 5.9 keV. For the fluorescence data, the coherent posi- 
tion $c amounts to 4>c = 0.99 for both preparation con- 
ditions. The coherent fraction fc for the lanthana film 
grown after CI passivation amounts to /c(5-Cl) = 0.57 
while the lanthana film grown on Si(lll)-(7 x 7) (5) only 
possesses a coherent fraction of /c(5) = 0.42, yielding 
a significant difference of A/c = 0.15 in the coherent 
fractions. Therefore the XSW fluorescence results re- 
veal a higher crystallinity for the lanthana films grown 
on chlorine passivated Si(lll) as compared to lanthana 
deposited on bare Si(lll)-(7 x 7). This is in agreement 
with our XPS Sils investigation, which points toward 
a substantial concentration of silicate and silicon oxide 
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species at the interface for the growth without passiva- 
tion. 

To perform an analogous quantitative XSW simulation 
for lanthana films as in the case of cerium oxide,— the 
crystallographic nature of the sesquioxide has been elu- 
cidated by other experimental approaches. Grazing inci- 
dence x-ray diffraction studies of lanthana films grown 
on Cl-passivated silicon (data not shown) reveal that 
La203, just like Ce203, crystallizes in the so called C- 
type bixbyite structure and that the formation of the 
well-known hexagonal phase is suppressed. In quan- 
titative XSW simulations for a 1.8 nm thick bixbyite 
lanthana film with a lattice constant of a = 11.36 A 
(Ref. 113), we assumed a laterally fully strained La203 
film of five O0.75-La-O0.75 trilayer thickness with a tri- 
layer spacing of 3.45 A as derived from continuum elas- 
ticity theory again based on elastic constants for Ce02 
(Ref. I32I ). This model predicts a coherent fraction of 
/c(sim.) = 0.614. If we assume an isotropic Debye- Waller 
factor of = 0.95, then the simulated coherent frac- 

tion lies within the error bar of the experimental value of 
/c(5-Cl) = 0.57. This result clearly indicates an almost 
perfect crystalline order of the lanthana film grown on 
chlorine passivated Si(lll). 

Further information on the atomic arrangement of the 
lanthanum atoms perpendicular to the Si(lll) diffraction 
planes in the lanthana film (5-Cl) is gained by perform- 
ing XSW measurements in (111) geometry employing 
La3(i5/2 photoclectrons as secondary signal, which were 
recorded at a photon energy of 3.35 keV (see Fig. [6ljb)). 
Because generally the escape depth of pliotoelectrons in 
a certain material (in the order of Angstroms to nanome- 
ters) is far less than the escape depth of photons (in 
the order of several /xm), the XSW photoelectron mea- 
surement is more sensitive to the atomic ordering of the 
uppermost lanthana layers while the x-ray fluorescence 
measurement equally probes the entire film. The coher- 
ent fraction employing La3(i5/2 photoelectrons amounts 

to (5_Q) = 0.70 and is substantially higher than 

the corresponding coherent fraction J^'^-^" (5-Cl) = 0.57. 
Extrapolating from the previous discussion for cerium ox- 
ide 3d photoelectrons, this difference cannot be solely ex- 
plained solely by non-dipole effects and suggests a struc- 
tural origin. This finding is a first indication for the 
lanthana film exhibiting a higher crystalline order in the 
upper layers than near the interface. However, this differ- 
ence is still relatively small if one takes into account non- 
dipole effects on the order of about 8%. Furthermore, 
the coherent fraction deduced from the fluorescence data 
is close to the simulated value of /c(sim.) = 0.614, the 
partial derivative of the crystalline order of the lanthana 
film in the vertical direction is close to zero, i. e., the vari- 
ation in crystallinity along the vertical direction is almost 
negligible. Concluding this discussion, we note that the 
overall crystallinity of the lanthana film is very high, un- 
derlining the beneficial effect of chlorine passivation on 
oxide crystallinity. 

To study the behavior of chlorine in the lanthana 
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FIG. 7. (Color online) (a) Clls photoemission spectra of 
chlorine-terminated Cl/Si(lll)-(1 x 1) recorded at 3.35 keV 
photon energy and after deposition of 1.8 nm of lanthana 
grown at 500 °C substrate temperature in an oxygen back- 
ground pressure of 5 x 10"^ mbar. (b) XSW data (open sym- 
bols) obtained in Si(lll) Bragg reflection using Clls photo- 
electrons and theoretical fit according to the dynamical theory 
of x-ray diffraction (solid lines) for the two preparation steps 
described in (a). 



growth process we employed XPS and XSW on the Clls 
core level before and after lanthana deposition. Lan- 
thana was deposited at 500°C and on oxygen background 
pressure of 5 x 10~^mbar. Fig. [7] shows the XSW data 
and the normalized Clls photoemission spectra recorded 
at 3.35 keV photon energy. The Clls photoemission in- 
tensity after lanthana growth is only slightly decreased. 
Since the Clls photoelectrons exhibit a kinetic energy 
of about 528 eV, the inelastic electron mean free path 
in La203 is approximately 1 nm as derived from the 
TPP2M formula.— Therefore, Clls photoelectrons orig- 
inating from chlorine atoms bound at the interface of 
the 1.8 nm thick lanthana film should be attenuated by 
a factor of e^. From this analysis of the Clls spectra we 
infer that the chlorine atoms almost completely segregate 
to the surface of the La203 film during growth. These 
findings arc supported by the Clls XSW data, which are 
displayed in Fig. [Zljb). While the yield collected before 
lanthana deposition essentially describes the expected CI 
on-top site identified in previous investigationSf^^i^ we 
note a drastic change in the overall shape of the inelas- 
tic secondary signal after lanthana growth, which quan- 
titatively results in variations from /^'^^ from 0.72 to 
0.30 and $^^1" from 0.78 to 0.45 after oxide growth. 
The strong decrease in the coherent fraction together 
with the change in the coherent position prove a bind- 
ing site change of the chlorine atoms during growth, in 
total agreement with the XPS results. Therefore we con- 
clude that chlorine acts as surfactant and that the inter- 
face passivation appears to be less stable. This finding 
is in contrast to the role of chlorine during ceria growth 
at the same preparation conditions, where chlorine was 
shown to mainly remain at the interface, thereby act- 
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FIG. 8. (Color online) XSW data (data points) and theo- 
retical fit according to tlie dynamical theory of x-ray difTrac- 
tion (solid lines) using (a) LaL^ and CeLa fluorescence and 
(b) La3ci5/2 photoelectrons obtained in Si(lll) Bragg reflec- 
tion for a cerium oxide on lanthana rare-earth oxide multi- 
layer film with individual layer thicknesses of 1.8 nm for the 
lanthana film and 6 A for the cerium oxide film grown at 
500 °C substrate temperature and an oxygen partial pressure 
of 5 X 10~^mbar on Cl-passivated Si(lll). 

ing as interfactantji^ Considering our earlier results for 
praseodymia growth on Si(lll) that indicated that CI 
may also act as a surfactant;^ the growth mechanism 
is an intricate interplay between the RE metal and the 
adsorbate. 

In conclusion the presented data for lanthana films 
grown at preparation conditions (5-Cl) and (5) clearly 
show higher crystallinity with strongly decreased silicate 
and silicon oxide formation at the interface for the chlo- 
rine passivated growth. Furthermore, a detailed analysis 
of the (5-Cl) lanthana film proves that chlorine seggre- 
gates to the surface during growth. 

C. Rare-earth multilayers on CI passivated Si(lll) 

In this section we present first results for the growth 
of REOx multilayers on chlorine-passivated Si(lll) us- 
ing the example of cerium oxide growth on lanthana de- 
posited on Cl/Si(lll)-(lxl). As before in the single 
growth experiment (Sec. lIIl"A|) . the cerium oxide film was 
grown at a substrate temperature of 500°C and an oxygen 
background pressure of 5 x 10~^mbar with a thickness 
of 6 A. To facilitate a direct comparison with the pre- 
vious investigation (Sec. IIII B|) . the underlying lanthana 
film was 1.8 nm thick and also deposited at preparation 
conditions (5-Cl). The corresponding XSW data arc pre- 
sented in Fig. [5] Again, fluorescence data acquired at 
5.9 keV and photoelectron data acquired at 3.35 keV are 
shown in Fig. |8l[a) and (b), respectively. The fit of the 
Laio, and CeL^ yields results in coherent fractions of 

yLaL„ ^ q jCoL„ ^ q qq ^^^-^ coherent pOSitiouS 



of $LaL„ = 1 04 and = 1.09. The coherent frac- 

tion of the CeLa signal is close to the coherent fraction 
of the La.La signal, which means that both REOx layers 
exhibit comparable crystalline quality. But, the crys- 
tallinity of the cerium oxide layer is somewhat inferior 
to the cerium oxide films grown directly on Cl/Si(lll)- 
(1x1) M 

When comparing the coherent fractions and the coher- 
ent positions of the LaLo- yields of the multilayer film 
and for the initial lanthana layer on Cl/Si(lll)-(lx 1), a 
change of Acj)^'^'"'' = 0.05 is observed in the coherent po- 
sition while the respective coherent fraction changes only 
by Af^^^" = 0.02. meaning that only the coherent posi- 
tion of the Laio, inelastic signal undergoes a statistically 
significant, yet rather subtle change. However, the situa- 
tion is completely different when employing ha,3d^ /2 pho- 
toelectrons as secondary signal (Fig.|5|(b)), which exhibit 
a coherent fraction of f^^^'^^^^ ~ o.87 and a coherent po- 
sition of = 1.05 after cerium oxide deposition. 
When compared to the respective values before cerium 
oxide growth, these findings reveal a substantial increase 
in the coherent fraction of ^f^^^'^^^^ = o.l7 while the 
coherent position stays the same within the error bar. 
Likewise, the difference in the coherent fraction between 
the fluorescence data and the photoelectron signal of the 
lanthana fllm in the rare-earth oxide multilayer is even in- 
creased to A/c = 0.32, which remains at more than 0.24 
even if we again assume non-dipole effects in the order of 
0.08. Hence, these differences in the Fourier components 
for the individual secondary signals can only be related 
to significant structural changes within their respective 
sampling depths. This indicates that the top lanthana 
layers have become very highly ordered, as revealed by 
the La3d5/2 XSW measurement, as a side effect of the 
growth of cerium oxide. This "healing" of the topmost 
La203 layers has to be counterbalanced by a respective 
loss of crystallinity in the lowest layers near the interface, 
so that the overall epitaxial quality of the lanthana film, 
which is monitored by the LaL^ inelastic signal, may stay 
the same. 

To get an even more detailed insight into this crys- 
tallinity gradient of the lanthana film we performed quan- 
titative XSW simulations taking into account the fi- 
nite escape depth of the La3d photoelectrons with a ki- 
netic energy of 2.5 keV in La203. Applying the TPP2M 
formula^^ yields a value of ALasOa (2-5 keV) = 3.95 nm. 
The attenuation of the photoelectrons due to the cerium 
oxide film and the associated change in probing depth can 
be neglected since the corresponding attenuation factor 
g-dco203/-'»co203 ig same for all photoelectrons that are 
emitted from the lanthana film. Therefore, the existence 
of the ceria film does not influence the coherent fraction 
and coherent position of the La.3d XSW results. The first 
result of the XSW simulations shows that the calculated 
value for ALajOa too high to explain the large difference 
of A/c = 0.24 between the fluorescence and the photolcc- 
tron XSW data of a 1.8 nm thick La203 fllm. This is in 



8 



accordance with spectroscopic investigations of slightly 
thicker ceria films grown on Si(lll), where we find an 
inelastic electron mean free path that is about half of the 
calculated value by the TPP2M formula^. Hence, in the 
following analysis we assume a value of ALaaOs (2-5 keV)/2 
and additionally take into account the geometry of our 
experimental setup, where the photoclcctrons leave the 
sample in an off-perpendicular direction to the surface 
leading to a further attenuation of photoelectrons. Our 
XSW simulations reveal that the assumption of a later- 
ally fully strained La203 film with a trilayer spacing of 
3.45 A also cannot explain the difference in the coher- 
ent fractions of the fluorescence and the photoelectron 
data. In the following estimation we assume a La203 film 
with 6 0-La-O trilaycrs with a smaller trilayer spacing of 
3.23 A, which corresponds to a vertical lattice constant 
expansion of 3 % compared to the vertical Si(lll) lattice 
periodicity. A simple numerical model, which takes into 
account a variation of crystalline order in [hkl] direction, 
is then implemented by associating each trilayer (TL) in 
the lanthana film with a depth-dependent disorder pa- 
rameter Ci £ [0,1], with i representing the TL index 
as counted from the interface. Within this approach, a 
quite abrupt crystallinity gradient can be realized in the 
following way: Ci = 0, C2 = 0.05, C3 = 0.5, C4 = 1, 
C5 = 1, and Ce = 1. Here, the extremal values and 
1 represent total structural disorder and perfect bixbyite 
crystallinity, respectively. This model leads to coherent 

fractions of jLaSds/^.^im. ^ Q and /Laia.sim. ^ Q_55^ 

i.e., a difference of A/^'"^- = 0.17, with an according 
difference of the coherent position of A$^""- = 0.01, in 
agreement with the experimental results for A$c- 

Although our simulations cannot completely repro- 
duce a difference in the coherent fractions of the pho- 
toelectron and fluorescence inelastic secondary signal of 
A/c = 0.24, it clearly reveals the presence of perfectly 
ordered bixbyite trilayers in the upper part of the La2 03 
fllm in the rare-earth oxide multilayer structure and es- 
sentially disordered layers close to the interface to the 
underlying silicon. Although A/^™ does depend on the 
assumed trilayer spacing as well as trilayer disorder, the 
result for the crystallinity gradient always shows the fol- 
lowing behavior: Few layers at the interface are armor- 
phous, while the upper layers are highly ordered. The 
transition between total disorder and nearly perfect crys- 
tallinity takes place in the regime of one or two trilaycrs 
and is therefore very sharp. 

From the quantitative XSW simulations of the La2 03 
fllm wc conclude that upon the growth of cerium oxide 
at elevated temperatures of 500°C and an oxygen back- 
ground pressure of 5 x 10~^mbar the lanthana trilayers 
closer to the silicon interface lose crystalline order while 
the upper trilayers in the fllm become perfectly ordered. 
This result is corroborated by the 01s HAXPES data 
displayed in Fig. [9ja) and (b), which were recorded at 
3.35 keV incident photon energy for the lanthana fllm 
grown on Cl/Si(lll)-(1 x 1) and for the cerium oxide 
on lanthana REOx multilayer, respectively. The expcri- 
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FIG. 9. (Color online) 01s (a) photoemission spectra for a 
1.8 nm thick lanthana film grown at 500 °C substrate temper- 
ature and an oxygen partial pressure of 5 x 10~^ mbar on 
chlorine passivated Si(lll). Ols (b) and Ce3d (c) photoe- 
mission spectra for a ceria on lanthana multilayer with a 6 A 
thick ceria film deposited at 500 °C substrate temperature and 
an oxygen partial pressure of 5 x 10~^ mbar on-top of the lan- 
thana layer of (a). The Ols spectra (a) and (b) have been 
deconvoluted with Voigt profile fits including the following 
species: Re2 03, Si-O-Re, SiOa,. 



mental spectra were flttcd with three Voigt line shaped 
oxygen species: an oxygen species in a RE2O3 chemi- 
cal environment (REO^;), a silicate species (Si-O-RE), 
and an silicon oxide species (SiO^;). In the fltting pro- 
cedure, the relative binding energies as referred to the 
REO2; species were assumed to be shifted by 1.0 cV (Si- 
O-RE) and 2.1 eV (SiO^;), resulting in only slight devia- 
tions from the values published for ceria grown on Si(lll) 
previouslyji^ The Lorentzian width was set to 0.15 eV;^ 
while the Gaussian width was adapted to fit the exper- 
imental resolution. When normalizing the sum of all 
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species to 1, the integrated intensity of each species is 
0.61 (REO^), 0.29 (Si-O-RE), and 0.10 (SiO^) for the 
Ols spectrum recorded prior to ceria growth (Fig. |9](a)). 
After cerium oxide deposition (Fig. |n](b)), the integrated 
intensities amount to 0.65 (REO^;), 0.22 (Si-O-RE), and 
0.14 (SiOx). Since the total film thickness is increased by 
a factor of 4/3 from 1.8 nm to 2.4 nm due to the deposi- 
tion of the cerium oxide film, one would expect the follow- 
ing integrated intensities if the amounts of Si-O-RE and 
SiOx species were not altered during cerium oxide deposi- 
tion and intensity attenuation due to a finite escape depth 
of the Ols photoelectrons are neglected: 0.68 (REO^:), 
0.24 (Si-O-RE), 0.09 (SiO^^). Although the deconvolution 
of the Ols spectrum results in an error of the normalized 
intensity of approximately ±0.01, the deviations of the 
actual intensities of the oxygen species after growth from 
the expected intensities are significant and would be even 
larger if taking into account the attenuation of the pho- 
toemission signal of the interface species. This means 
that we do observe a ripening process at the interface 
that is mainly accompanied by silicon oxide formation 
during cerium oxide deposition due to elevated substrate 
temperatures (500 °C) and the exposure to oxygen at par- 
tial pressures of 5 x 10~^mbar. Hence, the increase of 
amorphous silicon oxide species at the interface inferred 
from the HAXPES data is in very good agreement with 
the decrease in crystalline order of the lanthana layers at 
the interface, which is deduced from the analysis of the 
coherent fraction of our XSW results. In addition, the 
increased coherent position (A$c ~ 0.05) of the fluores- 
cence XSW data displayed in Fig. Inland Fig. [5] suggests 
that the lanthana film is pushed slightly outwards as com- 
pared to the Si(lll) diffraction planes, which could be a 
side effect of the oxidation of the silicon substrate. 

After having discussed the epitaxial quality and the 
ripening of the interface of the rare-earth multilayer we 
finally discuss the spectroscopic investigation of the CeSd 
core level in Fig. M,c) of the ceria film, which is striking, 
because it also reveals a Ce'^+ oxidation state. As it is 
known ultrathin ceria films on silicon exhibit the Ce'^"'' 
oxidation state. The transition from the Ce^"'' to the 
Ce^"^ oxidation state is supposed to take place with in- 
creasing film thickness while the interfacial layers stay in 
the Ce'^"'" oxidation state4^ Since Ce catalyzes the forma- 
tion of silicon oxide and silicate^ i^^'^^ it can be under- 
stood why ceria on silicon exhibits the Ce'^"'" oxidation 
state at the interface and oxidizes with increasing film 
thickness. But here, we present data of ultrathin epitax- 
ial ceria in the Ce^+ oxidation state grown on La203, 
which should decouple the cerium oxide film from the 
silicon support. Intriguingly, at the same preparation 
conditions and for ceria islands up to 2 nm, we find that 
ceria on Ru(OOOl) can easily be oxidized4^ Hence, the 
question arises why ceria on lanthana exhibits the Ce'^"'" 
oxidation state. While we cannot provide a definitive an- 
swer, a possible driving force could be the very small lat- 
tice mismatch of C-type Ce203 (a = 11.16 A) and C-type 
La203 (a = 11.36 A)^ which would constrain the ultra- 



thin ceria film to pseudomorphic growth in the Ce203 
phase. 

To summarize this section, we have shown that ceria 
can be grown on lanthana deposited on chlorine passi- 
vated Si(lll) with comparable epitaxial quality. Further- 
more, it could be revealed that the lanthana film becomes 
almost perfectly ordered in the upper layers during ceria 
deposition, while the layers at the interface loose crys- 
talline order due to the ripening of silicon oxide species. 
Finally we demonstrated that ultrathin ceria films also 
grow in the Ce^^ oxidation state on lanthana. 



IV. CONCLUSION 

We have presented a detailed study on the adsorbate- 
mediated growth of rare-earth oxides on Si(lll). Based 
on synchrotron-based x-ray photoemission and x-ray 
standing wave investigations we have demonstrated that 
the specific type of chemical passivation of the silicon sub- 
strate appears to be crucial in obtaining high-quality, epi- 
taxial rare-earth oxide films in molecular beam epitaxy. 
Among the passivating agents (CI, Ag, Ga) tested, chlo- 
rine yielded the highest degree of REOx film crystallinity 
combined with a well-ordered oxide-semiconductor in- 
terface exhibiting only a very low concentration of sil- 
icon oxide and silicate species. Quite surprisingly, gal- 
lium preadsorption yields the same degree of oxide crys- 
tallinity compared to cerium oxide growth on the bare 
Si(lll) surface, whereas passivation with silver even 
drastically decreases the crystalline order of the cerium 
oxide film. 

Furthermore, the HAXPES and XSW results illustrate 
that the quality of the cerium oxide films achieved is 
always tied to the structural and chemical properties of 
the oxide-silicon interface. Only in the case of CI, it 
is sharp and well-ordered with suppressed silicon oxide 
and silicate species while in the other cases it was shown 
to comprise considerable amounts of amorphous silicon 
oxide and silicate species. 

The use of CI passivation was also shown to be essen- 
tial in obtaining high-quality films of ultrathin lanthana 
on Si(lll). In this case, the CI seggregates to the surface 
of the lanthana film, rendering the lanthana-silicon inter- 
face very susceptible to ripening during further thermal 
treatment. Hence, the role of chlorine as growth modi- 
fier depends on the specific rare-earth oxide that is grown 
via molecular beam epitaxy: Only in the case of cerium 
oxide^^ the CI atoms mostly remain at the interface, 
hence acting as interfactant. However, for both lanthana 
and praseodymia the CI changes its adsorption site and 
takes on the role as surfactant. 

The results for the cerium oxide on lanthana multilayer 
reveal that both rare-earth oxide films exhibit compara- 
ble crystallinity with very limited intermixing. Further- 
more, despite the coupling from the substrate cerium ox- 
ide grows in the Ce"^"*" oxidation state. Detailed X-ray 
standing wave simulations of the rare-earth oxide multi- 
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layer show that a ripening process occurs at the interface 
between lanthana and silicon, which is documented by 
an increase in amorphous silicon oxide species and which 
leads to a vertical crystallinity gradient in the lanthana 
film. However, cerium oxide growth is also concomitant 
with an almost perfect ordering of the upper lanthana 
bixbyite trilayers. 

The superior crystallinity of rare-earth oxide films 
when grown on Cl-passivated Si(lll) is accompanied 
with a sharp and ordered interface with suppressed sil- 
icate and silicon oxide species. In terms of application, 
this way of tuning the structural properties of an epitax- 
ial oxide-silicon interface might represent an important 



step toward low interface trap densities and minimized 
carrier scattering, eventually allowing for their integra- 
tion as high-fc gate oxides. 
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